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X-ray crystal interferometer–based X-ray phase-contrast
microtomography (phase-contrast microtomography) is able
to image microstructures within soft tissue without the use of
a contrast agent. Here we determined the feasibility of
using this technique in the non-destructive inspection of
formalin-fixed kidney tissue from certain hamsters that
spontaneously develop mesangial thickening with focal and
segmental glomerulosclerosis, and from age-matched Syrian
hamsters. We used a triple Laue-case X-ray interferometer
with a 40 lm–thick analyzer, a sample cell, and an X-ray
charge-coupled-device camera with a 4.34 lm pixel size.
Images of glomeruli and tubular structures were similar to
those seen using 40–100magnification on an optical
microscope. In samples from two female glomerulosclerotic
hamsters, seven scattered lesions were detected. The wedge-
shaped pathological lesions included mild atrophic tubular
walls, markedly dilated tubular lumen, high-density
glomeruli, and widening of Bowman’s space. The
microvasculature was distinctly visualized in the specimens
without any contrast agents. Hence, phase-contrast
microtomography can detect small scattered lesions in
diseased kidney tissue and is a powerful auxiliary tool for
pre-histological evaluations.
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A small laboratory animal model of human diseases, such as
the albino-panda-albino (APA) hamster, which is known to
develop a spontaneous renal focal segmental glomerulo-
sclerosis (FSGS) with age, has been used in the basic and
premedical research of the kidney.1,2 In a developed,
spontaneous case of renal disease in the APA hamster,
pathological findings, such as segmental sclerotic glomeruli,
increased matrix, tubular atrophy, widening of Bowman’s
space, and thickening of the basement membrane, have been
observed.3,4 The detection of even a single glomerulus,
involved with segmental sclerosis, is sufficient to invoke an
initial diagnosis of FSGS. As the pathological diagnosis of
FSGS with a scattered small pathological lesion is often
missed, when only a few sliced sections are examined, a large
enough sample, the sample site, and serial sliced sections are
often required for exact diagnosis.
X-ray absorption-contrast micro-computer tomography
at ex vivo state5,6 and micro-magnetic resonance imaging at
in vivo state7 are used to image animals’ kidney for biological
researches. However, these techniques require contrast
enhancement, and soft tissue composed of light elements
cannot be well visualized. Recently, optical coherence
tomography8,9 and two-photon microscopy10 have been
reported for imaging ex vivo and/or in vivo kidney of small
animals. The optical coherence tomography enables imaging
of the high-resolution tomogram of 1–2 mm in situ and in real
time; however, the observation depth is limited to 1–2 mm.9
Two-photon microscopy can depict the distribution, beha-
vior, and interactions of labeled chemical probes and proteins
in live renal tissues at real time without fixation artifacts, and
enables visualization with the depths of 150 mm.10,11
On the other hand, the X-ray phase-contrast imaging
technique with a triple Laue-case crystal X-ray interferometer
(Bonse–Hart type),12 which has about a 1000-fold higher
sensitivity for detecting the light element, such as hydrogen,
carbon, nitrogen, and oxygen than the conventional X-ray
absorption-contrast method, allows the visualization of
biological soft tissues without needing a contrast agent.13–15
Crystal X-ray interferometer-based X-ray phase-contrast
tomography16 successfully visualized fine morphological
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structures of cancer lesions, such as cancerous mass, necrosis,
fibrous capsule, fat tissue, and surrounding normal tissue in
humans,17 rabbits,18 and mice.19 Non-cancerous organs of rat
and mouse, such as brain,20 liver,21 and heart were also
visualized. In our earlier studies, phase-contrast tomography
system with a spatial resolution of about 0.03 mm was used in
a synchrotron radiation source at the Photon Factory of High
Energy Accelerator Research Organization in Japan.19 In the
Photon Factory, the phase-contrast tomography system was
developed to observe large objects of diameter 10–30 mm;
therefore, the large crystal X-ray interferometer with a 1-mm
thick analyzer22 and its optimized X-ray camera23 were
manufactured. Thus, microstructures could not be visualized
in detail.
To achieve a higher spatial resolution image ofo0.01 mm,
a crystal X-ray interferometer with a 40-mm thick analyzer
was developed.24,25 Using the X-ray phase-contrast micro-
tomography system with this crystal X-ray interferometer
(phase-contrast microtomography), we depicted the micro-
structure of kidney and spleen of rat earlier.25,26 The purpose
of this study is to examine the feasibility of phase-contrast
microtomography for visualizing microstructures, and to
analyze quantitatively the density alteration of microstruc-
tures in the kidney of APA hamsters.
RESULTS
In eight renal specimens from six hamsters (Table 1), two-
dimensional (2D) and three-dimensional (3D) images were
obtained using phase-contrast microtomography.
Imaging of renal microstructures
The phase-contrast microtomographic image discriminated
clearly the microstructures of the renal cortex and medulla in
normal kidney. The glomeruli, Bowman’s space, various renal
tubules, and vessels were well resolved (Figure 1).
The wedge-shaped pathological lesions including mild
atrophic tubular walls, markedly dilated tubular lumens,
glomeruli with high density, and widening of Bowman’s
space, were observed in renal specimens of two female APA
hamsters (Figure 2). The size and localization of these
pathological lesions were well visualized from the cortex to
medulla using 3D imaging. These findings corresponded well
to the histopathological picture (Figure 2f). However, the
same findings were not detected in male APA hamsters,
because the pathological change in them occurs much later
compared with that in females.1
Wall thickness and lumen diameter of tubules were
calculated in normal and abnormal areas of cortex (Figure 3).
The thinnest tubular wall was about 12 mm. The glomerular
volume was calculated and compared between the normal
(n¼ 25) and abnormal glomeruli (n¼ 17) (Figure 4). The
ratio of Bowman’s space against glomerular volume in
abnormal glomerulus was higher than those in normal
glomerulus (Figure 4d). In addition, the mean density of
glomerulus in pathological regions was higher than that in
normal regions (Figure 4e). On measuring the density of
normal glomerulus, percentile of abnormal glomerulus
(normal mean density þ 2 s.d.) wasB57.7% in pathological
regions in the APA hamster.
Imaging of renal microvasculature
The renal microvasculature was extracted from 3D phase-
contrast microtomography images using the density thresh-
old-based rendering technique. Distribution of the glomer-
uli, renal arteries, and veins were visualized successfully.
Glomerular capillary tufts formed by capillary loop and
surrounding tubules and vessels were observed clearly
(Figure 5).
DISCUSSION
In this study, various microstructures and pathological
changes of renal specimens in the APA hamster were
observed at about 9.3 mm of spatial resolution. Glomeruli
and tubular structures, were well depicted, and appeared
similar to that of  40–100 magnified optical microscopic
image.
The APA hamsters are known to develop spontaneous
FSGS with age1,2 and mesangial thickening, in the renal
glomeruli from an early stage.2,3 Phase-contrast microtomo-
graphy revealed mild atrophic tubular walls, markedly dilated
tubular lumens, and widening of Bowman’s space in renal
specimens of females; these findings corresponded exactly to
an earlier histopathological study.4 Furthermore, phase-
contrast microtomography enabled the assessment of the
geometrical size and density of microstructures within the
kidney; the thickness of abnormal tubules was about 42%
thinner than that of normal tubules, and the density in
abnormal glomeruli increased by about 2.6 mg/cm3. The
density resolution in this system is B1.2 mg/cm3,27 and the
above-mentioned value is thought to be caused by the
alteration of the renal glomerular matrix.
Usually, the diagnoses of abnormal renal microstructures
and stage of FSGS progression are determined by optical
microscopy, immunofluorescence, and electron microscopy.4
In these methods, detection of a scattered lesion and a 3D
spread of lesions are often difficult; therefore, (1) a large-
enough sample must be used to detect the sclerotic glomeruli;
(2) a serial sectional observation of the whole specimen is
necessary for underestimating focal lesion; and (3) a huge
number of sliced sections must be made and stained.
However, these processes waste high costs and require large
amounts of time for performance.
Recently, optical coherence tomography8,9 and micro-
magnetic resonance imaging7 were applied to visualize renal
microvasculature and microstructure non-destructively;
however, a diagnostic study of FSGS has not yet been
reported.
In X-ray absorption-contrast micro-computer tomo-
graphy, the difference in density between blood and the
surrounding soft tissue is very small; therefore, for visualizing
the inner structures of kidney, it is essential to use a radio-
opaque contrast agent including a heavy element.5,6,28
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Microvasculature, such as the artery or vein can be imaged
selectively by filling contrast agent in the target vessels;
however, the surrounding soft tissue could not be visualized
enough, due to low contrast among the significantly
high-density contrast opacified vessels. In addition to
homogeneously filling a vessel with contrast agent, a special
preparation, such as pressure control injection is often
required to infuse the contrast agent because of its high
viscosity. These preparations might cause non-physiological
conditions and artifacts, such as reactive constriction of the
vessel and ischemia.
Four different types of the X-ray phase-contrast imaging
techniques have been developed currently for biomedical
research. Those are, crystal X-ray interferometer-
based imaging,16–18 diffraction enhanced imaging,29–32
propagation-based imaging,33,34 and grating X-ray interfero-
meter-based imaging.35,36 Propagation-based imaging is best
for depicting edge information with large density differences.
Diffraction enhanced imaging and grating X-ray interferom-
eter-based imaging can detect much smaller density differ-
ences than propagation-based imaging. Diffraction enhanced
imaging can clearly show breast cancer,29 cartilage, and
tendon.30,31 Using the diffraction enhanced imaging
technique, renal tubular structures of rat with 2- and
0.12-mm thick slices were visualized gently as projection
image.32 However, 3D renal microstructures have not
yet been visualized tomographically, using these imaging
techniques.
Crystal X-ray interferometer-based imaging is
believed to have the highest sensitivity to observe the
soft tissue structures in biomedical objects.15 In fact,
phase-contrast microtomography, without a specific
preparation of samples, enables us to visualize fine 2D and
3D renal micro-architectures of kidneys, and to analyze
quantitatively.
In this experiment, blood was washed out from renal
vessels to eliminate artifact, because the coagulated blood
in a vessel can be depicted in an X-ray phase-contrast
image,37 and as the different states of coagulation
causes varying image contrast. After injection of
physiological saline, the hepatic vessel of rat could be
visualized clearly by X-ray phase-contrast radiography,
whereas the X-ray absorption-contrast image could not
depict the vessel at the same X-ray dose and energy.21
Therefore, renal perfusion was carried out using physio-
logical sodium solution for separating the vessel. This
procedure was much easier and is thought to preserve more
physiological conditions than the usage of conventional
contrast agents with high viscosity. The fine density
difference among physiological saline within tubules,
vessels, and the surrounding soft tissue of kidney, was
discriminated sufficiently on the images. In addition, using a
volume-rendering technique, the renal microstructures and
microvasculature could be depicted from the same specimen
at by one scan.
Thus, phase-contrast microtomography might be used as
a powerful auxiliary tool for a pre-histological evaluation of
the APA renal disease model for detecting small scattering
lesions and their spread.
In the present limitation of this system, the field of view
was only 5 5 mm, because of the size of the X-ray beam and
X-ray charge coupled device camera (see Figure 6). For
phase-contrast microtomography, we need the synchrotron
radiation with advantageous properties, such as high photon
flux density, energy tunability, and natural collimation. To
use such a system on the desktop, special high flux X-ray
source must be developed newly.
0.5 mm
Figure 1 | X-ray phase-contrast microtomographic images of a
normal hamster. (a and b) 2D images of axial, (c) coronal, (d) and
sagittal view. (a) Glomeruli, vessels, and various tubules are
depicted clearly in the renal cortex, (b) whereas in the renal
medullary area, the collecting tube and its surrounding vessels are
seen as lobule-like patterns. (c and d) Proximal and distal tubules
are shown as high density, and the collecting tubules in the
medullary area (including medullary ray) are shown as low
density.
Table 1 | Summary of specimens
X-ray phase-contrast
microtomographic finding
Specimen
No. Six
Age
(months)
No. of focal
abnormal
lesions/samples
No. of
widenings of
Bowman’s space
Normal
1 Male 8 0/1 —
2 Female 8 0/1
Abnormal
3 Male 8 0/1 —
4 Male 8 0/1 —
5 Female 8 4/2 20/27 (74%)a
6 Female 8 3/2 17/22 (77%)a
aThe detection rate of widening of Bowman’s space of focal abnormal lesions in
samples.
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MATERIALS AND METHODS
Preparation of animals
Six small animals including four APA hamsters (8 months, two
females and two males) and two age-matched normal hamsters
(1 female and 1 male) were used in our experiments (Table 1). All
subjects were anesthetized by an i.p. injection of sodium
pentobarbital (50 mg/kg body weight), and cannulation to the apex
of left ventricle was carried out surgically. The physiological saline
solution was injected from the apex, and the whole blood was
replaced to eliminate artifacts of blood coagulation within the vessel.
The kidneys were extracted quickly and fixed using 10% formalin.
These kidneys were then cut into column specimens of 3-mm
diameter for a computed tomography observation, because the field
of view was limited to 5 5 mm. A total of eight samples were
imaged.
This experiment was approved by the Medical Committee for the
Use of Animals in Research of the University of Tsukuba, and it
conformed to the guidelines of the American Physiological Society.
X-ray phase-contrast microtomographic system
The phase-contrast microtomographic system24,25 (Figure 6) con-
sists of a triple Laue-case crystal X-ray interferometer (Bonse–Hart
type) with a 40-mm thick analyzer,25 a phase shifter, a target sample
cell, and an X-ray charge coupled device camera of pixel size
4.34 4.34mm. The interferometer with a 40-mm thick analyzer was
manufactured to obtain a high spatial resolution of o0.01 mm by
decreasing burring of the image caused by diffraction in the
analyzer. The reconstructed voxel size of phase-contrast micro-
tomogram is 4.34 4.34 4.34 mm3. Experiments were carried out
at the undulator beam-line 20XU (SPring-8, Japan).
The spatial resolution in this system was estimated from the
observed point spread function at the edge of pathological object
and surrounding formalin solution, and was about 9.3 mm. The
density resolution was B1.2 mg/cm3.27
Data acquisition and image reconstruction
In phase-contrast microtomography, a specimen was placed in a
5-mm thick sample cell filled with formalin, and this cell was inserted
in the beam path of the interferometer. The X-ray energy was set at
12.4 keV. The beam exposure time was 5 s/projection and the number
of projections was 250 over 1801. Details of the image reconstruction
process, namely, fringe-scan data acquisition technique and image
reconstruction methods, have been earlier described.16 The para-
meters of data acquisition are shown in Table 2.
0.5 mm
0.15 mm
Figure 2 | X-ray phase-contrast microtomographic images of a female APA hamster. (a–c) 2D images of axial, coronal, and sagittal
views, (d) 3D image, (e and f) magnified image of renal cortex corresponding to an image using a light microscope. Wedge-shaped lesions
including markedly dilated tubule and widening of Bowman’s space are shown (white arrow). (e) Phase-contrast microtomography shows
the resemblance to (f) a light microscopic image. Red arrow, renal artery; blue arrow, renal vein.
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Figure 3 | Wall thickness and lumen diameter of tubules in
normal and abnormal area of cortex. Thin tubular walls and
dilated lumens are observed in abnormal areas of the cortex. The
mean wall thickness of tubules in the cortex is 35.3±2.1 and
20.4±4.3mm (Po0.0001) in normal and abnormal area,
respectively; the thickness of abnormal tubule is about 42%
thinner than that of normal tubule. Mean diameter of tubular
lumen was 40.0±4.1 and 77.1±10.5mm (Po0.0001) in normal
and abnormal areas of the cortex. Of 49 glomeruli in 7 focal
abnormal lesions, the widening of Bowman’s space was observed
in 37 glomeruli (75.5%).
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Quantitative analysis
3D imaging display. Phase-contrast microtomograms were
analyzed using the real-time 3D volume-rendering software (Real
INTAGE; KGT Inc., Japan) on a workstation (Precision; Dell, Round
Rock, TX, USA). This software provides several integrated tools for
3D image data management, such as density measurement, data
processing, and 3D display. The volume-rendering tool, especially, is
quite convenient to present the 3D architecture of renal vasculature.
By interactive selection of processing parameters, we can depict the
microstructures and the microvasculature of specimens and glomer-
uli. Thus, we enabled to generate 2D and 3D microstructures and the
microvasculature of specimens, and glomeruli images. Multiplanar
reformatting techniques allowed us to view the data set in transverse,
sagittal, coronal, and even the sectional planes of any angle.
Volume analysis. Each volume of glomerulus and Bowman’s
space was calculated using image-processing software. First, the
cutoff threshold of glomerulus was decided from the images of 25
normal glomeruli. Using this threshold, each glomerulus and outer
Bowman’s space was margined automatically. However, the margin
of glomerulus and the outer Bowman’s space attached to the
surrounding tissues were determined manually. Then, we extracted
the glomerulus itself and the surrounding Bowman’s space using the
image binarization technique. Finally, the number of pixels in each
area was counted in each slice, and its volume was calculated in 3D
images.
Density analysis. We can determine the refraction index
directly from phase shift information. The mass density at
glomerulus was calculated approximately by the equation:
ds
dw
1g=cm3
in which, ds and dw are refraction index decrements from unity of
glomerulus and surrounding 10% formalin solution, respectively.
The dw is 1.5024 106 at 12.4 keV X-ray energy. The parameter, ds,
is measured as an average value of each glomerular region on phase-
contrast microtomogram.
To estimate the 3D density of each glomerulus, the margin of
glomerulus was picked up interactively on the image processing
workstation, and the refractive index of glomerulus was first
measured on each trans-axial image. The density in 3D space was
calculated by integrating the refractive index on each trans-axial
image from the upper pole to lower pole of the glomerulus.
Histophathological analysis
After phase-contrast microtomography imaging, all specimens were
sliced into 3-mm thick sections, and then hematoxylin-eosin staining
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Figure 4 | Quantitative analysis of glomerulus images obtained by X-ray phase-contrast microtomography. (a and b) X-ray phase-
contrast microtomographic images of normal and abnormal area and (a0 and b0) magnified images of glomerular images from panels a and
b; (c–e) glomerular volume, ratio of Bowman’s space, and density between the normal and abnormal glomerulus. (c) The mean volume is
(1.24±0.31) 106 mm3 and (0.91±0.35) 106 mm3 in normal and abnormal glomeruli, respectively (Po0.005). (d) The ratio of Bowman’s
space against glomerular volume of abnormal glomeruli is higher than those of normal glomeruli (0.74±0.47 vs 0.13±0.10, Po0.001).
(e) Density of abnormal glomerulus is about 2.6 mg/cm3 higher than that of normal glomerulus (1023.3±1.1 vs 1020.7±0.7 mg/cm3,
Po0.0001).
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0.5 mm
0.15 mm
Figure 5 | Image of renal microstructure and vasculature obtained by X-ray phase contrast microtomography. (a and c) X-ray phase-
contrast microtomogram of renal cortex and (b and d) three-dimensional extracted renal microvasculature and tubule of normal and
abnormal area in an APA hamster. (e and f) The magnified images are from the rectangular area in Figure 1c. Distribution of the renal
arteries and veins was visualized successfully. The capillary tufts are observed clearly in normal glomerulus (green arrows), whereas the
widening of Bowman’s space and the indistinct pattern of the capillary loop are observed in abnormal glomerulus (pink arrows). In the
three-dimensional image, non-dilated tubules and non-atrophic glomeruli are shown in normal cortical areas, whereas dilated tubules and
atrophic glomeruli are depicted clearly in the FSGS lesions.
Table 2 | Parameters of data acquisition
Field of
view
X-ray
energy
Sample detector
distance
Pixel size of X-ray
CCD camera (number of pixels)
Exposure
time
Number of
projections
5 5 mm 12.4 keV B10 cm 4.34 4.34mm (1344 1024) 5 s /projection 250/1801
CCD, charge-coupled device.
SR
X-ray
Monochromator
Interferometer
Samples cell
Sample
CCD
camera
Phase shifter
Computer system
Figure 6 | Experimental setup for the X-ray phase-contrast microtomography. This system25 consists of a Bonse–Hart type of crystal
X-ray interferometer, a phase shifter, a sample cell, and an X-ray CCD camera with a pixel size of 4.34 4.34 mm. The interferometer with a
40 mm–thick analyzer was manufactured to obtain the spatial resolution of about 0.01 mm. The estimated spatial resolution is 9.3mm. CCD,
charge-coupled device; SR, synchrotron radiation.
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and periodic acid-Schiff staining were carried out to examine the
histopathological structures. Histopathological images were assessed
using an optical microscope equipped with a camera (Biozero;
KEYENCE Co., Japan).
Statistical analysis
All data were expressed as mean±s.d.. The differences between
groups were analyzed using Student’s unpaired t-test. Po0.05 was
considered statistically significant.
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